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PI 3-kinaseAvian reovirus (ARV) strain S1133 causes apoptosis in host cells in the middle to late stages of infection. This
study investigated the early-stage biological response and intracellular signaling in ARV S1133-infected Vero
and chicken cells. Treatment with conditioned medium from ARV S1133-infected cells increased the
chemotactic activity of U937 cells. Neutralizing antibodies against IL-1β and IL-6 showed that both cytokines
contribute to viral-induced inﬂammation but neither affect cell survival. Inhibition of Akt, NF-κB, and Stat3
released the chemotactic activity and anti-apoptotic effect elicited by ARV S1133. ARV S1133 activated PI 3-
kinase-dependent Akt/NF-κB and p70 S6 kinase, as well as Stat3; however, p70 S6 kinase was not involved
in ARV S1133-mediated effects. DF1 cells over-expressing constitutively active PI 3-kinase and Stat3 showed
association with enhancement of anti-apoptotic activity. In conclusion, in the early stages of ARV S1133
infection, activation of cell survival signals contributes to virus-induced inﬂammation and anti-apoptotic
response.ih).
lsevier Inc.© 2010 Published by Elsevier Inc.Introduction
Avian reoviruses (ARVs), which are RNA virus members of the
Reoviridae family, are important pathogens that cause considerable
economic loss in poultry farming (Rosenberger et al., 1989). They
were initially thought to be pathogenic agents that induce tenosyn-
ovitis in younger chickens (Tang et al., 1987) and were subsequently
found to be ubiquitous among poultry ﬂocks. ARVs have been
identiﬁed as being associatedwith a variety of diseases and conditions
in poultry, including enteric and respiratory diseases, myocarditis,
and hepatitis, but the interaction of ARVs with host cells at the
molecular level has not been well characterized until recently. ARVs
have some unique properties and activities that differ from those
displayed by their mammalian disease counterparts; they are highly
resistant to interferon, and therefore, in order to investigate the
molecular pathogenesis mechanism, viral strategies that counteract
antiviral action and viral–host interaction need to be developed.
ARV strain S1133 causes apoptosis in vivo and in vitro. Our previous
studies and those of others have indicated that ARV S1133 and over-
expression of structural protein σC causes cells to undergo apoptosis
(Labrada et al., 2002; Shih et al., 2004). ARV S1133 infection is normallyaccompanied by permeabilization of the host plasma membrane
(Carrasco, 1995); this can occur early on in the infection, during cell
entry, or in the late stages of infection after the onset of viral gene
expression (Gonzalez and Carrasco, 2003). In addition, ARV S1133
modulates the cellular response of infected cells through the regulation
of intracellular signaling pathways: for example, ARV S1133-induced
apoptosis utilizes Src, p53,mitogen-activated protein kinase (MAPK), and
protein kinase C δ (Lin et al., 2009; Ping-Yuan et al., 2006), andARV S1133
encodes nonstructural p10-mediated cell syncytium formation through
the activation of small GTPase RhoA and Rac1 signaling (Liu et al., 2008).
The virus also encodes anti-apoptotic proteins in order to protect
cells from death or, in other words, promotes cell survival in the
early stages of infection, which beneﬁts virus replication and viral
progeny production. In the middle to late stages of infection, in order
to release the virus progeny, severe damage and cell death occurs
(Aubert and Blaho, 2001; Enjuanes et al., 2006; Oshansky et al., 2009;
Rubin and Ruley, 2006). During infection, the induced inﬂammatory
response in the host is a general cellular defense mechanism against
microbial infection, although different pathogens cause inﬂammation
by different mechanisms and variable mediators (Bendtzen, 1988;
Choi and Jacoby, 1992; Garofalo et al., 1996). ARV infection results in
organ inﬂammation including hepatitis and enterogastritis and is
particularly common in tendons and joints (Tang et al., 1987). Earlier
studies demonstrated and investigated the crosstalk between
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could utilize common signals: for example, epidermal growth factor
receptor (EGFR) is involved in respiratory syncytial virus (RSV)-
mediated inﬂammation and alleviates apoptosis (Jones et al., 1998;
Monick et al., 2005).
In this study, we investigated how ARV S1133 modulates
intracellular signaling pathways associated with apoptosis in the
host cells and demonstrated the mechanism by which ARV S1133
elicits inﬂammation and acts against apoptosis in the early stage of
infection.
Results
ARV S1133 induces an inﬂammatory response in the early stage
of infection
We ﬁrst examined the inﬂammation characteristics of ARV S1133-
infected cells, especially in the early stage before cells underwent cell
death/apoptosis. Chemotactic activity and cytokine production of
conditioned media of Vero, DF1, and CEF cell cultures after infection
with 10 MOI ARV S1133 were quantiﬁed. Chemotaxis cell migrationFig. 1. ARV S1133 infection induces an inﬂammatory response in Vero and chicken cells. (A)
infected cells. Migration of U937 cells across the transwell membranes toward a different
relative ratio of U937 cell migration to the conditioned medium of infected cells to that of un
served as a positive control. ⁎Pb0.05 compared with the respective cells. ⁎⁎Pb0.01 compared
8 by ARV S1133-infected Vero and DF1 cells. The time course of ARV S1133-induced secreti
relative to uninfected cells. Data represent the means of ﬁve experiments performed with tassay revealed that the conditionedmedia could promotemigration of
cAMP-treated U937 cells with differing kinetics (Fig. 1A); in
particular, the chemotactic activity of the media from infected Vero
and DF1 cells had dramatically increased after 4 h, and the increased
activity lasted for up to about 24 h. The highest levels of chemotactic
activity of Vero and DF1 cells were observed after 8 and 16 h,
respectively; on the other hand, an increase in chemotactic activity in
infected CEF cells was not seen until after 16 h (Fig. 1A). The peak
levels of chemotactic activity and cytokine production of Vero and
DF1 cells were consistently observed at 8 and 16 h post-infection,
respectively. Treatment of U937 cells with recombinant chicken and
human IL-6, as well as IL-1β, was also included in this experiment. Our
data revealed that the secretory factor from chicken and monkey cells
could stimulate U937 cell migration, like the recombinant chicken and
human cytokines (Fig. 1A). To identify the chemotactic factors present
in the conditioned media, production of pro-inﬂammatory cytokines
including TNF-α, IL-6, IL-8, and IL-1β was measured. The results
demonstrated that IL-6 and IL-1β were signiﬁcantly up-regulated in
Vero and DF1 cells in the early stage of infection (Fig. 1B), whereas the
IL-8 level was unchanged throughout the viral life cycle (data not
shown), and TNF-α was unable to be detected in any of the three cellIncreased chemotactic activity of U937 cells by the conditioned medium of ARV S1133-
conditioned medium was determined. The chemotactic activity was expressed as the
infected cells. Recombinant human and chicken IL-1β and IL-6 were also included. fMLP
with untreated cells. (B) Production of pro-inﬂammatory cytokines IL-1β, IL-6, and IL-
on of cytokines is shown. The cytokine secretion level was expressed as induction fold
riplicate samples, and standard deviation was calculated.
106 P.-Y. Lin et al. / Virology 400 (2010) 104–114lines during viral infection (data not shown). Although ARV S1133-
infected CEF cells also exhibited increased levels of IL-6 and IL-1β
production, the increase was not as great as was observed in Vero and
DF1 cells (data not shown).
Inhibition of NF-κB and Akt suppresses the inﬂammatory response
induced by ARV S1133 efﬁciently, whereas Stat3 plays a minor role
in this process
In order to analyze the possible signaling involved, a panel of
dominant-negative expression mutants and inhibitors were used to
identify candidates in the current system. DF1 cells were transiently
transfected with plasmids of dominant-negative IκBα (IκBα-M), HA-
tagged dominant-negative Akt (DN-Akt), and ﬂag-tagged dominant-
negative Stat3 (DN-Stat3), and the over-expression of dominant-
negative proteins was examined by Western blotting (Fig. 2A). Vero
cells exhibited a protein over-expression pattern identical to that of
DF1 cells (data not shown). As shown in Fig. 2B, DF1 cells transfectedFig. 2. Akt, NF-κB, and Stat3 contribute to ARV S1133-induced U937 cell migration. (A) Wes
indicated dominant-negative expression plasmids. After 48-h incubation, 20 μg total cell lys
loading control. (B) DF1 cells were transiently transfected with expression plasmid and incu
4 h; 10 MOI ARV S1133 was then added to the cells, followed by incubation for different per
cell migration. Data are presented here as mean±standard deviation and were obtained frwith IκBα-M, DN-Akt, or DN-Stat3 showed a decrease in chemotactic
activity; culture medium from IκBα-M- or DN-Akt-expressing cells
showed dramatic inhibition (by more than 50%), and culture medium
from DN-Stat3-expressing cells exhibited only a minor effect on the
inhibition (up to 30%) of U937 cell migration. Cells co-transfected
with two or three of the dominant-negative expression mutants were
also used. Analysis of the conditional medium from DF1 cells co-
transfected with IκBα-M and/or DN-Akt with DN-Stat3, but not IκBα-
M and DN-Akt alone, revealed the lowest levels of chemotactic
activity (Fig. 2B). We utilized a panel of speciﬁc inhibitors to clarify
themolecules possibly involved in signaling. All tested inhibitorswere
subjected to LDH andMTT assays to evaluate their cytotoxicity toward
DF1 cells exposed to different concentrations for 7 days (data not
shown). A working concentration with no cytotoxic effect on DF1 cells
was used in subsequent experiments. The presence of 5 μM Src
inhibitor (SU6656), 5 μM protein kinase C inhibitor (sangivamycin),
and 10 μM MEK inhibitor (PD98089) did not affect ARV S11133-
induced U937 cell migration (Fig. 2B). In addition, no effect wastern blotting analysis. DF1 cells were transiently transfected with vector control or the
ates were subjected to Western blotting using speciﬁc antibodies. Actin was used as the
bated for 24 h, and in another experiment, DF1 cells were pretreated with inhibitors for
iods of time. Conditioned medium was harvested and applied for the induction of U973
om three independent experiments, each performed in duplicate.
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inhibitor (Y-27632), 20 μM Rac1 inhibitor (NSC23766), 1 μM of
another general protein kinase C inhibitor (go6976), 5 μM p38
inhibitor (SB203580), or 10 μM JNK inhibitor (SP600125) to the
culture (data not shown). The same results were also obtained for
Vero cells (data not shown).
Activation PI 3-kinase-dependent Akt/NF-κB and p70 S6 kinase, as well
as Stat3, by ARV S1133 in the early stage of infection
Having demonstrated the involvement of Akt, NF-κB, and Stat3, we
then analyzed whether ARV S1133 could activate these molecules,
especially in the early stage of infection. A panel of antibodies against
the activated proteins was used for this experiment. As shown in Fig.
3A, in 10 MOI ARV S1133-infected Vero cells, the total amounts of all
tested proteins were unaltered. Importantly, their activated forms,
phospho-Akt, phospho-Stat3, and phospho-IκBα, displayed identical
activation kinetics, from 30 or 45 min to 2 h post-infection (panels 1,
3, and 16). p70 S6 kinase is another PI 3-kinase downstream effector,
and our results showed that p70 S6 kinase threonine 389 phosphor-
ylation (panel 7) was up-regulated with the same kinetics pattern as
Akt, Stat3, and IκBα, while p70 S6 kinase threonine 421/serine 424
phosphorylation was unaltered (panel 8). In addition, the phosphor-
ylation kinetics of an Akt effector, glycogen synthase kinase-3β
(GSK3β), were consistent (panel 5) with the pattern of variation
exhibited with Akt, Stat3, and IκBα, which conﬁrmed the anti-
apoptotic role of Akt. On the other hand, the ERK phosphorylation
level was unchanged (panel 10), and the expression levels of NF-κB
subunit p50, p65, and c-Rel were comparable throughout the
ARVS1133 infectious cycle (panels 12, 13, and 14). We also examined
Bad serine 112 and Bad serine 136 phosphorylation, and no change
was observed upon ARV S1133 infection (data not shown). When the
same Western blotting analysis procedure was performed for DF1
cells, analogous results were obtained (data not shown). The Akt
phosphorylation kinetics were also observed and conﬁrmed by ELISA
in DF1 cells (Fig. 3B), and luciferase assay was utilized to demonstrate
the ARV S1133-enhanced NF-κB binding capacity in the early stage of
infection of DF1 cells (Fig. 3B). Akt phosphorylation is thought to
occur soon after viral encounter and binding to the cells but does not
require virus replication. This notion was supported by the results
shown in Fig. 3C, which indicate that neither CHX, an inhibitor of
protein biosynthesis (lane 5), nor heat- (lane 7) or UV-inactivated
virus (lanes 8 and 9) administration, could suppress the phosphor-
ylation levels of Akt and IκBα induced by ARV S1133 infection of DF1
cells. By utilizing mβCD to disrupt cholesterol-rich lipid raft
formation, we proved an essential role of lipid rafts in ARV S1133-
triggered Akt and NF-κB activation. In order to further establish the
signal transmission pathway, we then employed speciﬁc inhibitors to
elucidate signal transmission relationships. As shown in Fig. 4A, in the
presence of PI 3-kinase inhibitor LY294002 and wortmannin, Akt,
IκBα, and p70 S6 kinase phosphorylation was inhibited in ARV S1133-
infected Vero cells (panels 1, 3, 7; groups 2 and 3), which conﬁrmed
that the activation of Akt, IκBα, and p70 S6 kinase occurs in a PI 3-
kinase-dependent manner. Rapamycin treatment speciﬁcally reducedFig. 3. Activation of intracellular signaling molecules in the early stage of ARV S1133
infection. (A) Western blotting analysis. Vero cells were infected with 10 MOI ARV
S1133 for the indicated time periods. Equal amounts of total cell lysates were used for
Western blotting analysis. (B) Luciferase assay and phospho-Akt ELISA. For luciferase
assay, DF1 cells were co-transfected with NF-κB-luc and pRKβGAL, and after 24 h of
incubation, the cells were then inoculated with 10 MOI ARV S1133. Total cellular
proteins were extracted using an appropriate lysis buffer for each experiment. Data are
presented as mean±standard deviation and were obtained from three independent
experiments, each performed in duplicate. (C) DF1 cells were treated with 10 μg/ml
CHX or 5 mM mβCD then infected with ARV S1133 or not, incubated for 1 h, then
washed 2 times. The virus was subjected 56 °C for 30 min or UV inactivation before
infection (lanes 7 to 9). After 1 h, the phosphorylation level and the total protein
expression were examined using the indicated antibodies.p70 S6 kinase threonine 389 phosphorylation (panel 7, group 4) but
had no effect on the signaling molecules. Dominant-negative Akt
inhibited Akt and IκBα phosphorylation (panels 1 and 3, group 5),
Fig. 4. ARV S1133 induces PI 3-kinase-dependent survival signaling. (A) Western blotting assay. Vero cells were pretreated with the indicated speciﬁc inhibitors for 4 h followed by ARV S1133 infection for various periods of time. Equal
amounts of cell extracts were used for SDS-PAGE and Western blotting assay. (B) Immunoprecipitation–Western blotting assay. One milligram of total cell extract was precleared by protein A at 4 °C overnight and immunoprecipitated with











109P.-Y. Lin et al. / Virology 400 (2010) 104–114which indicated that ARV S1133-mediated IκBα phosphorylation
occurred through the activation of Akt. However, MEK inhibitor
PD98059 did not affect Akt, IκBα, p70 S6 kinase, or Stat3 phosphor-
ylation (group 6). In addition, Stat3 phosphorylation was also
unaffected under other circumstances. As PI 3-kinase activation may
be correlated with tyrosine phosphorylation of its regulatory subunit
p85, immunoprecipitation using anti-p85 or anti-p110 was per-
formed, and the resulting immunoprecipitated proteins were then
probed with anti-phosphotyrosine antibodies. The Western blotting
results demonstrated that ARV S1133 induced p85 tyrosine phos-
phorylation, while tyrosine of p110 did not undergo phosphorylation.
The kinetic activation pattern of p85 was closely correlated with Akt,
IκBα, p70 S6 kinase, and Stat3 activation (Fig. 4B). We also examined
Akt phosphorylation by ELISA and NF-κB binding activity by luciferase
assay, all of which showed identical results (data not shown). DF1
cells exhibited an almost identical protein phosphorylation kinetics
pattern to that of Vero cells described above; however, detection of
the phosphorylation levels of these molecules in CEF was more
difﬁcult (data not shown). Taken together, Figs. 3 and 4 provide strong
evidence that in the early stage of ARV S1133 infection, cell survival
and inﬂammation responses induce activation of PI 3-kinase-
dependent Akt/NF-κB, p70 S6 kinase, and Stat3, and these events
have been found not to require cellular protein synthesis or virus
replication.
Protection of cells against serum starvation-induced and
caspase-dependent apoptosis upon ARV S1133 infection required
PI 3-kinase-dependent signaling
We then further analyzed the fate of cells under PI 3-kinase and
Stat3 activation. In the presence of LY294002, Akt inhibitor and NF-κB
inhibitor PDTC, cell proliferation of surviving cells was reduced owing
to serum-starvation-induced apoptosis of ARV S1133-infected DF1
cells. Stat3 inhibition had a very minor effect (Fig. 5A). The greater the
concentration of LY294002, the higher the level of cell death (Fig. 5B);
this result was conﬁrmed again by LDH (data not shown). Treatment
with wortmannin gave identical results (data not shown). These
observations were not limited to a single cell type. In Vero and CEF
cells that are susceptible to ARV S1133, both LY294002 and Akt
inhibitions accelerated ARV S1133-induced cell death (data not
shown). Apoptotic ELISA conﬁrmed this result (data not shown). To
elucidate the roles of these survival signals in regulating the process of
apoptosis, Western blotting using antibodies against cleaved effector
caspase-3, -6, -7 were employed. The results showed that ARV S1133
induced caspase activation at 24 h post-infection (Fig. 5C, group 1);
however, under Akt and NF-κB inhibition conditions, caspase cleavage
were in evidence at the earlier time of 8–16 h post-infection (Fig. 5C,
groups 3 and 4). Treatment with rapamycin and Stat3 inhibitor
showed no signiﬁcant effects (Fig. 5B, groups 2 and 5). General
caspase inhibitor Z-VAD-FMK was found to reduce ARV S1133-
induced cell death and LY294002 to enhance ARV S1133-induced cell
death by TUNEL assay (Fig. 5D). Following combined Z-VAD-FMK and
LY294002 treatment, the extent of apoptotic cell death was reduced
(Fig. 5D). These results suggest that ARV S1133-induced survival
signaling in the early stage of infection protects the host cells from
starvation-induced and caspase-dependent apoptotic cell death.
Reinforcement of the ARV S1133-induced anti-apoptotic and
inﬂammatory phenomena by constitutive PI 3-kinase and Stat3
To provide more direct and strong evidence of the critical
importance of PI 3-kinase-dependent survival signaling, we generated
stable clones of DF1 cells with different expression levels of
constitutively active Stat3 (Western blotting using anti-Flag epitope
antibody, data not shown), then transfected the cells with PI 3-kinase
(p110⁎myc) followed by infection with ARV S1133. In comparisonwith stably selected vector control cells, co-expression of constitu-
tively active Stat3 and PI 3-kinase caused an increase in U937 cell
migration, enhanced cell survival, and reduced caspase-3 activity. The
extent of the cell response was closely correlated with the expression
level of constitutively active Stat3 (Table 1).
Neutralization of IL-1β and IL-6 suppressed ARV S1133-induced
chemotactic activity of U937 cells
Neutralization assay was performed to directly examine the
biological function of ARV S1133-induced cytokine secretion. As
shown in Fig. 6, blocking of chicken IL-1β or IL-6 reduced U937 cell
migration efﬁciently and in a dose-dependent manner. Even more
evidence of a reduced effect was observed when anti-IL-1β and anti-
IL-6 treatment was administered simultaneously. However, neutral-
ization of these two cytokines did not affect cell viability (data not
shown).
Discussion
We have previously shown that ARV S1133 triggers an intracel-
lular signaling pathway through the activation of Src to activate p53
(Ping-Yuan et al., 2006), and that the elevation of p53 is modulated by
MAPK signaling pathways and protein kinase C δ (Lin et al., 2009). We
demonstrated in this study that ARV S1133 infection can induce host
cells to produce chemotactic factors that in turn can induce U937 cell
migration, and identiﬁed IL-6 and IL-1β as being the major pro-
inﬂammatory cytokines mediating chemotactic activity. We further
found that an early event of viral infection involves PI 3-kinase-
dependent Akt and NF-κB pathways and Stat3 signaling and have
shown that these molecules are involved in the anti-apoptotic
function.
We observed that as early as 6 h after cell infection by ARV S1133,
IL-6 and IL-1β were up-regulated, and both cytokines possessed
chemotactic activity toward monocyte cells U-937. IL-6 is considered
a pro-inﬂammatory cytokine as it induces an acute-phase response,
and in an infectious disease belonging to another virus family, it has
been shown to exert a protective effect on viral myocarditis in a
mouse model (Kanda et al., 1996). Increased IL-6 expressionmay play
an important role in the early stages of inﬂammation; however,
continuous over-expression of IL-6 may cause damage by impairing
cytokine networks and viral clearance (Tanaka et al., 2001). Biswas et
al. reported that IL-6 can induce monocyte chemotactic protein-1
(MCP-1) expression, which stimulates the migration of monocytic
cells from both peripheral blood mononuclear cells and U937 cells
(Biswas et al., 1998). However, as the cell migration experiment in
this study was only carried out for 1 h, it is therefore unlikely that the
increased U937 cell migration occurred owing to IL-6-induced MCP-1
expression. In a recent study, Domingue et al. demonstrated that IL-6
exerts a positive chemotactic effect on trophoblast cell lines on its
own, which is in agreement with our ﬁnding that IL-6 increases U937
cell migration.
Both in vitro and in vivo studies have shown that increased IL-1β
expression has been detected in macrophages in association with
avian reovirus infection (Heggen-Peay et al., 2002; Heggen et al.,
2000). ARV S1133 has also been demonstrated to induce IL-1βmRNA
expression in chicken macrophages, and viral disassembly and RNA
synthesis, but not viral protein synthesis, have been shown to be
required for induction of IL-1βmRNA expression (Wu et al., 2008). In
this study, we found that both IL-6 and IL-1β exert a chemotactic
effect on monocyte cells as well as prevent serum-starvation-induced
apoptosis upon ARV S1133 infection; however, whether or not IL-6
and/or IL-1β are directly involved in the prevention of serum-
starvation-induced apoptosis will be investigated in future studies.
The results suggest that induction of IL-6 and IL-1β expression might
be an important innate immune response of host cells that triggers
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Table 1
Inﬂammation, cell viability, and apoptotic response of selected vector control- and constitutively active Stat3-expressing DF1 cells.
Stable clones⁎⁎ Treatment⁎
Control ARV S1133 ARV S1133 +
p110⁎myc
Control ARV S1133 ARV S1133 +
p110⁎myc
Control ARV S1133 ARV S1133 +
p110⁎myc
Chemotactic activity (relative ratio) MTT assay (OD570 nm) Caspase-3 activity (activation fold of
ﬂuorescence units)
Vector control (−) 1 3.98±0.32 7.19±0.27 0.97±0.11 1.77±0.21 2.44±0.12 1 0.79±0.12 0.54±0.08
CA-Stat3-1 (+) 1.58±0.19 5.12±0.28 10.15±0.29 1.12±0.08 1.97±0.14 2.67±0.22 0.91±0.09 0.72±0.13 0.39±0.15
CA-Stat3-2 (+) 1.85±0.22 5.27±0.14 11.02±0.22 1.21±0.11 2.01±0.15 2.57±0.17 0.87±0.11 0.71±0.09 0.37±0.18
CA-Stat3-3 (++) 2.01±0.16 5.88±0.23 15.01±0.31 1.46±0.09 2.33±0.12 2.87±0.23 0.78±0.13 0.49±0.07 0.31±0.12
CA-Stat3-4 (++) 2.11±0.17 6.13±0.17 15.36±0.45 1.39±0.15 2.39±0.25 2.97±0.19 0.81±0.12 0.50±0.14 0.32±0.11
CA-Stat3-5 (+++) 2.41±0.24 6.98±0.24 18.35±0.41 1.57±0.17 2.47±0.21 2.98±0.27 0.72±0.14 0.42±0.18 0.21±0.10
⁎Selected stable DF1 cells were infected with ARV S1133 at 10 MOI for 16 h or transfected with constitutively active p110 (p110⁎myc) for 24 h and then infected with ARV S1133.
Conditioned medium was collected and tested for induction of U937 cell migration. For MTT assay and caspase-3 activity assay, cells were starved for 24 h prior to the indicated
treatment. ⁎⁎“−” indicated the control cells without CA-Stat3 expression, “+” indicated the relative CA-Stat3 expression level of individual clones.
111P.-Y. Lin et al. / Virology 400 (2010) 104–114inﬂammation against viral infection; however, we cannot exclude the
possibility that other cytokines also contribute to U937 migration in
our system.
Neutralization assay revealed that IL-1β is the main inducer of
chemotactic activity and IL-6 makes only a minor contribution. The
levels of TNF-α and IL-8 were unchanged in our system (data not
shown), which suggests selective induction of cytokines upon ARV
S1133 infection. The release and biological effects of cytokine are
highly dependent on the cellular content as well as the experimental
model utilized. For example, IL-1β- but not IL-6-treated human
endothelial cells are able to synthesize neutrophil chemotactic factor
in the mediation of acute inﬂammation (Strieter et al., 1988). Alveolar
macrophage-derived IL-1β is a major mediator of inﬂammation
response of lung epithelial cells, whereas TNF-α makes only a minor
contribution, and there is no involvement of IL-6 or IL-8 (Ishii et al.,
2004). Inﬂuenza-virus-infectedmiddle-ear epithelial cells moderately
induce TNF-α, IL-6, and IL-8, and weakly induce IL-1β; in contrast,
Streptococcus pneumoniae infection did not signiﬁcantly induce
transcription of macrophage inﬂammatory proteins 1 α and β, TNF-
α, IL-6, or IL-8 (Tong et al., 2003).
Further speciﬁc gene knock-down experiments will be of
assistance in the elucidation of the precise roles of IL-1β and IL-6.
Cytokine secretion may act in a paracrine manner to produce an
antiviral effect in the cells, and the inﬂammatory response can then
induce a series of signaling cascades. In order to understand the
underlying mechanism, we investigated the signaling cascade
associated with inﬂammatory response and found that Akt, Stat3,
and NF-κB are activated 15–30 min after viral infection, and the
increasing phosphorylation levels reached a maximum within 1 h.
Using inhibitors, we showed that inhibition of these molecules
reduces inﬂammation. Akt and IκBα function in the same way,
while Stat3 functions in a different manner. Akt and p70 S6 kinase are
downstream protein kinases of PI-3K, both of which have been shown
to be involved in cell survival and cell growth (Cantley, 2002; Pullen et
al., 1998; Wan and Helman, 2002).
The molecular signaling involved in Inﬂuenza virus infection is
better understood, and it has been shown that Inﬂuenza infection
activates the phosphatidylinositol 3-kinase (PI 3K)/Akt pathway, the
kinetics of which have been shown to be up-regulated in the early and
late phases of infection. Early activation of PI 3K is mediated byFig. 5. Protection of cells from cell death by ARV S1133 elicited PI 3-kinase/Akt/NF-kB and
serum-starved for 24 h, then treated with inhibitors individually or in combination for 4
determined by MTT assay. Experiments were performed three times, each in duplicate. The
with LY294002 at the indicated concentration for 4 h and then infected with ARV S1133. Thi
assay in order to determine the number of surviving cells. The percentage of surviving cells
cytopathetic syncytium effect induced by virus. Black arrowheads indicate the severe cytop
indicate healthy cells presenting with a fusiform morphology. (C) Western blotting analysis
DF1 cells were treated with inhibitors for 4 h individually or in combination prior to virus ino
detected by terminal deoxynucleotidyl transferase and ﬂuorescence-labeled dUTPs. Positivebinding of the virus to the cell surface, while late activation PI 3K leads
to an anti-apoptotic signal via activation of Akt and the Akt effectors
GSK3β and caspase 9 (Ehrhardt et al., 2006). Akt has also been shown
to suppress apoptotic death, and thus the PI-3K/Akt pathway
promotes cell survival and suppresses apoptosis. Another PI 3-kinase
downstream effector, p70 S6 kinase, has also been reported to play a
role in anti-apoptosis and cell survival (Jonassen et al., 2001, 2004; Lin
et al., 2007). Our results illustrated that p70 S6 kinase phosphoryla-
tion (threonine 389) was up-regulated, exhibiting the same activation
pattern as that of Akt, Stat3, and IκBα. However, p70 S6 kinase
inhibitor rapamycin did not inhibit ARV S1133-induced phosphory-
lation of Akt, suggesting that p70 S6 kinase is a downstreammolecule
of PI 3-kinase but is not involved in this event. PI 3-kinase activation
has been found to be correlated with tyrosine phosphorylation of its
regulatory subunit p85 (Chen et al., 1999; Shih et al., 2000;
Thamilselvan et al., 2007) and/or its catalytic subunit in various
experimental systems. We have also shown in this study that ARV
S1133 induces phosphorylation of p85 tyrosine but not p110 tyrosine,
and the kinetics of the activation pattern are closely correlated with
those of Akt, IκBα, p70 S6 kinase, and Stat3 activation. In addition,
although inhibitors of PI 3-kinase have no effect on the phosphory-
lation of Stat3, using cells that co-express constitutively active Stat3
and PI 3-kinase p100, we demonstrated that PI 3-kinase augmented
Stat3-induced cell migration and survival and reduced caspase-3
activity. This suggests the Stat3-induced effect is associated with PI 3-
kinase.
Extracellular signal-regulated kinase (ERK) transmits inﬂamma-
tion and cell survival signals in many circumstances (Golding et al.,
2009; Kornasio et al., 2009; Kwak et al., 2008; Neiva et al., 2009),
including under viral infection (Golembewski et al., 2007; Zhou et al.,
2005). However, in our system, the level of ERK phosphorylation was
unchanged. Like LY294002, the p70 S6 kinase inhibitor rapamycin and
MEK inhibitor PD98059 suppress senescence. We found that
rapamycin and PD98059 did not inhibit ARV S1133-induced phos-
phorylation of Akt or phosphorylation of Iκ-Bα. These results suggest
thatMEK is not involved in the signaling pathways at this stage of viral
infection.
NF-κB is an important factor in the activation of innate immune
responses in mammals and insects (Silverman and Maniatis, 2001).
Following reovirus infection, activation of NF-κB is dependent on viralStat3 survival signals. (A) Evaluation of cell proliferation by MTT assay. DF1 cells were
h, followed by inoculation of ARV S1133 at 10 MOI. After 24 h, cell proliferation was
average original OD value±standard deviation is shown. (B) DF1 cells were pretreated
rty-six hours later, cells were photographed and subjected to trypan blue dye exclusion
was normalized against those in control experiment. Black arrows indicate the earlier
athetic effect, which displayed the clumping and ﬂoating characteristics. White arrows
. Detection of cleaved caspases in the presence of DMSO or inhibitors. (D) TUNEL assay.
culation. Twenty-four hours post-infection, cells were ﬁxed and DNA fragmentation was
cells were counted directly under ﬂuorescence microscope at 200× magniﬁcation.
Fig. 6. Neutralization of IL-1β and IL-6 suppressed the ARV S1133-mediated
inﬂammatory response. DF1 cells were treated with control Ig, anti-chIL-6, anti-chIL-
1β, or two neutralization antibodies in combination for 6 h followed by 10 MOI ARV
S1133 infection and culture for an additional 8 h. Conditioned medium was collected
and subjected to transwell migration assay with U937 cells. Migratory cells were
stained and counted under light microscope. Data are presented as the relative ratio of
chemotactic activity normalized against DF1 cells that had not been subjected to
antibody treatment. Experiments were performed three times and data are expressed
as mean±standard deviation.
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involved (Connolly and Dermody, 2002). It is known that reovirus-
induced NF-κB activation requires the function of IκB kinase complex
components (Hansberger et al., 2007). Connolly et al. have previously
shown that nuclear factor B (NF-κB) is activated after reovirus
infection, and that this activation is required for virus-induced
apoptosis (Connolly et al., 2000). Interestingly, by using domain-
negative Akt, we conﬁrmed that Iκ-Bα phosphorylation is mediated
by Akt activation.
Viral disassembly, but not viral gene expression, is the key to
induction of apoptosis, and viral attachment and uptake alone are not
sufﬁcient to cause apoptosis (Labrada et al., 2002). We demonstrated
in this study that neither Akt nor NF-κB activation is involved in viral
protein synthesis, by showing that inhibition of protein synthesis by
CHX did not abolish Akt and Iκ-Bα phosphorylation. In addition, heat-
or UV-inactivated virus administration did not suppress the level of
Akt and IκBα phosphorylation. Lipid rafts have been proposed to serve
as platforms for the initiation of signal transmission (Brown and
London, 1998; Golub et al., 2004). By utilizing mβCD to disrupt
cholesterol-rich lipid raft formation, we conﬁrmed that lipid rafts are
essential for ARV S1133-triggered Akt and NF-κB activation.
Taken together, our results show that in the early stage of ARV
S1133 infection, cell survival and inﬂammation signaling involves PI
3-kinase-dependent signaling, as well as Stat3. We concluded that the
anti-apoptotic signaling activated by the virus contributes to
inﬂammation and delayed apoptosis. Collectively, activation of Akt/
NF-κB and Stat3 is associated with IL-6 and IL-1β production in ARV
S1133-infected cells, which plays an important role in ARV S1133-
mediated early inﬂammation response. Further study is necessary to
clarify the beneﬁcial effects of cytokines in avian reovirus infection.
Materials and methods
Cell culture, transfection, and stable clones generation
Culture of Vero, chicken embryonic ﬁbroblast (CEF), and DF1 cells
has been described in a previous report (Lin et al., 2009).
Lipofectamine (Invitrogen, Carlsbad, CA, USA) was used for transient
and stable transfection. For stable transfection, DF1 cells were
transfected with constitutively active Stat3 expression vector or
control vector, and 48 h after transfection, cells were selected with200 μg/ml of hygromycin for 2 weeks. Resistant DF1 clones were then
pooled and expanded for further assay, and selected cells were
maintained in 50 μg/ml hygromycin.
Virus
Avian reovirus S1133 (ARV S1133) was provided by our
collaborator, Dr. H.-J. Liu (National Pingtung University of Science
and Technology). Virus titration was measured by plaque assay.
Cultured medium from infected Vero cells was harvested, and various
virus dilutions were added to 80% conﬂuent Vero cells and incubated
at 37 °C for 1 h. The cells were then washed and overlaid with 1%
agarose containing complete culture medium. After incubation for
3 days, cells were ﬁxed with 10% formaldehyde and stained with 1%
crystal violet. For virus inactivation, the virus was heated at 56 °C for
30 min, which resulted in a drop in virus titer by a 6-log 10 order of
magnitude. The procedure followed for UV inactivation of the virus
was as described in our previous study (Ping-Yuan et al., 2006).
Viral infection for cell culture
We choose 10 MOI ARV S1133 as the infectious dose in the current
study based upon our previous studies, because within 24 h post-
infection at this dose, most cells are surviving and no apoptosis is
observed, but after 24 h post-infection, cells will begin to undergo
apoptosis (Lin et al., 2009; Ping-Yuan et al., 2006).
Plasmids, antibodies, and reagents
CMV-p110⁎myc expresses constitutively active PI 3-kinase (Hu
et al., 1995). Kinase-dead Akt (K179A), which has been shown to have
a dominant-negative effect (Kulik et al., 1997), was provided by Dr.
Ming-Liang Kou (National Taiwan University). Constitutively active
and dominant-negative Stat3 have been described elsewhere (Ning
et al., 2001) and were provided by David Lee (Johns Hopkins
University) for use in this study. NF-κB-luciferase reporter plasmid
was from Stratagene (La Jolla, CA, USA). pRKβGAL containing CMV
promoter-driven β-galatosidase gene expression was used to nor-
malize transfection efﬁciency. Dominant-negative IκB-α expression
plasmid was purchased from Clontech (Mountain View, CA, USA).
Antibodies for hemagglutinin (HA)-tagged epitope (clone 12CA5)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
anti-phosphotyrosine (clone 4G10), anti-myc, and anti-phospho-
IκBα (ser32/ser36) were purchased from Upstate Biotechnology
(Lake Placid, NY, USA); anti-Flag M2 was purchased from Sigma (St.
Louis, MO, USA); and chicken-speciﬁc IL-6 and IL-1β neutralization
antibodies were purchased from SerotecAbD (Oxford, UK). All other
antibodies were purchased from Cell Signaling Technology (Beverly,
MA, USA). All inhibitors were obtained from Calbiochem (San Diego,
CA, USA). Cycloheximide (CHX) and methyl-beta-cyclodextrin
(mβCD) were obtained from Sigma. General caspase inhibitor Z-
VAD-FMK was purchased from R&D Systems. None of the antibodies
or inhibitors used had been tested with respect to cross-reactivity
against chicken cells despite the high level of conservation of cellular
targets between humans and chickens. Studies investigating whether
these reagents function well in chicken cells are very limited, but
research has demonstrated the successful detection and useful effects
of these reagentswhenmoving across the species barrier, especially in
chicken cells and other non-mammalian cells (Hong et al., 1999; Scott
and Owens, 2008; Sevimli et al., 2008; Xing et al., 2010; Zhou et al.,
2007).
Chemotaxis assay
U937 cells at 3×105 cells/ml were differentiated by treatment
with 1 mM dibutyryl cAMP for 72 h (Gavison et al., 1988). The
113P.-Y. Lin et al. / Virology 400 (2010) 104–114differentiated cells were then screened for their ability to respond to
conditioned media of either ARV S1133-infected or uninfected cells in
a Transwell system (3-μm pore size; Costar, Cambridge, MA). The
upper wells of the chamber contained 105 differentiated U937 cells
and the bottom wells were ﬁlled with the conditioned media.
Bacteria-derived chemotactic peptide N-formyl-methionyl-leucyl-
phenylalanine (fMLP) was used as a positive chemoattractant control
at a concentration of 10 μM. Recombinant chicken IL-6 and IL-1β
(SerotecAbD), as well as recombinant human IL-6 and IL-1β (R&D
Systems), were added individually or in combination at a concentra-
tion of 100 ng/ml. Incubation was carried out at 37 °C for 1 h,
following which the ﬁlters were removed and ﬁxed with 4%
paraformaldehyde for 5 min at room temperature. Cells on the
upper ﬁlter surface were then removed with a cotton swab. The ﬁlters
were stainedwith crystal violet, washed, and observed, andmigratory
U937 cells were counted under a light microscope operating at 200×
magniﬁcation.
Luciferase assay, Immunoprecipitation–Western blotting, Western
blotting, and MTT assay
NF-kB-Luc reporter plasmid with pRKbetaGAL was co-transfected
into cells, then ARV S1133 at 10 multiplicity of infection (MOI) was
added 24 h after transfection. Luciferase and β-galactosidase activities
were quantiﬁed using a Luciferase Assay System and a β-galactosidase
Enzyme Assay System (Promega), respectively, and luciferase activity
was normalized to β-galactosidase activity to account for the
transfection efﬁciency (Lin et al., 2009; Yeh et al., 2008). For
immunoprecipitation–Western blotting of p85, cell lysates were
collected by RIPA buffer (Tris–HCl, 50 mM, pH 7.4; NP-40, 1%; Na-
deoxycholate, 0.25%; NaCl, 150 mM; EDTA, 1 mM; PMSF, 1 mM;
aprotinin, leupeptin, pepstatin, 1 μg/ml each; Na3VO4, 1;mM; NaF,
1 mM) and immunoprecipitated with anti-p85. The immunocom-
plexes were then separated and subjected toWestern blottingwith an
antibody to phosphotyrosine (Shih et al., 2008). For Western blot
analysis, cells were lysed with a lysis buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 2 mM phenylmethyl-
sulfonyl ﬂuoride), followingwhich 30 μg of total proteinwere subjected
to an optimal concentration of SDS-PAGE, which depended on the
molecular weight of the target protein, and blotted onto nitrocellulose
membrane. The blots were blocked and incubated (at 4 °C overnight
with shaking) with the primary antibody, the dilution of which was as
displayed on the data sheet. The blots were then incubated with HRP-
conjugated secondary antibody (1:2000) at room temperature for 2 h
and the labeled bands were detected by chemiluminescence using ECL
detection reagents (Pierce Biotechnology, Rockford, IL, USA; Lin et al.,
2009). Finally, MTT assay was performed in order to evaluate the
proliferation of viable cells. Brieﬂy, 5000 cells were placed in 200 μl
media per well in a 96-well plate. After speciﬁc treatment, 20 μl MTT
solution was added at a concentration of 5 mg/ml and the mixture was
incubated at 37 °C for 4 h to allow theMTT to bemetabolized. Themedia
was then removed and resuspended in 200 μl DMSO, and the optical
density was read at 570 nm (Liu et al., 2005).
TUNEL assay
A commercial ﬂuorescence DNA fragmentation (TUNEL) assay kit
from Clontech was used for this experiment as per the manufacturer's
instructions. Brieﬂy, cells were cultured on poly-L-lysine-coated
slides, then following the indicated treatment, the cells on the slides
were washed with PBS twice and ﬁxed with 4% formaldehyde in PBS
at 4 °C for 30 min. The cells were permeabilized using prechilled 0.2%
Triton X-100 and incubated for 5 min at 4 °C. After equilibration of the
cells, a solution containing a nucleotide mix and TdT enzyme was
added and incubation was conducted in a dark, humidiﬁed incubator
at 37 °C for 1 h. The reaction was then terminated by the addition 2×SSC solution, and apoptotic cells exhibiting green ﬂuorescence in their
nucleus were examined by ﬂuorescence microscope with a 520-nm
ﬁlter.
ELISA experiments
The cytokines secreted in the culture media of the cells were
determined by ELISA using a technique established in our laboratory.
Rabbit anti-chicken IL-6 and rabbit anti-chicken IL-1β, purchased
from serotecAbD, were coated onto 96-well plates and left overnight
at 4 °C in a coating buffer (0.1 M Na2HPO4; pH adjusted to 9.0 with
0.1 M NaH2PO4) followed by blocking (1% BSA). The detection
antibody (anti-chicken IL-6 and anti-chicken IL-1) was labeled with
biotin (Pierce). Conditioned medium was added and the mixture was
incubated for 2 h at 37 °C, followed by 3 times washing and
subsequent addition of detection antibody and streptavidin–horse-
radish peroxidase. Tetramethylbenzidine (TMB) was used as the
substrate and the absorbance was read at 450 nm. For the
measurement of Akt serine 473 phosphorylation, an ELISA kit was
purchased from Calbiochem. A ﬂuorescence caspase-3 activity assay
kit was purchased from Clontech, and the experimental procedures
were performed according to the manufacturer's instructions.
Statistical analysis
Statistical signiﬁcance was assessed by Student's t-test, which was
carried out using SigmaPlot software.
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